Abstract -This paper reviews the current standards related to the coexistence in PLC Networks and presents a general scenario where this mechanism is necessary to achieve a good performance (in terms of throughput and QoS). At the last part of this paper several different coexistence mechanisms are presented, from the simplest to more complex options.
I. INTRODUCTION Several different technologies are using the power line as their communication medium, but unfortunately, the frequency spectrum available to PLC is a very limited resource and a way must be found to share it between different users in a fair manner; so a Coexistence mechanism is vital for the future growth of PLC as a viable data networking technology.
The PLC medium can be defined as numerous indoor power line grids linked together by an outdoor grid and fed at the MV/LV transformer. Nodes may be connected to the grid at indoor and outdoor locations, although the vast majority of nodes will be located indoors. A group of nodes makes up a PLC network. Nodes in the same apartment will generally belong to the same network and will use the same communication protocols. In neighboring apartments, other networks may be present that use different communication protocols. All of these networks must coexist with each other since they are operating on different parts of the same PLC medium and are sharing the same frequency resources.
There are several aspects of the PLC medium that make it difficult to share resources fairly. The noise level and its variability both tend to be higher at lower frequencies, while the path attenuation is generally higher in the upper part of the PLC frequency band. This makes it difficult to agree on a simple split of the PLC band, because both the Access PLC community and the Home Network PLC community could take advantage of the lower or the higher frequency band depending on the particular network scenario and conditions of the power line medium. Compounding this problem is the fact that there is not much bandwidth available anyway.
Furthermore, the fact that line attenuation increases exponentially with distance, which is in contrast to radio propagation means the problem of 'hidden nodes' more frequently, arises. Two nodes that are unaware of each other may transmit simultaneously resulting in interference at the receiving node. Moreover, the interference problem is often not reciprocal depending on the particular constellation of the nodes. It may happen that one system suffers more than the other one. Solving this problem requires some form of intra-system and possibly also inter-system co-ordination.
II. STANDARDS AND COEXISTENCE IN OTHER
MEDIUMS The major European standards organizations have favored the fixed frequency division method approach for coexistence in PLC. In PLC the available frequency band is roughly from 1 MHz to 30 MHz. In the ES 59013 draft standard from CENELEC [1] , the 1.6 MHz to 12.7 MHz band has been allocated to the access systems and the 14.35 MHz to 30 MHz band to the inhome ones. A proposal from ETSI puts the AS/IS split at 10 MHz. This coexistence proposal will be developed in the point VI of this paper.
Other systems have also approached the coexistence problem, such as the wireless systems, centered on the coexistence between Bluetooth and 802.11b, which share a common spectrum. In this case, as can be seen in [2] , it is not necessary to provide a coexistence mechanism when the distance between both systems is enough, so both systems operate independently and the other system's signal is considered noise. This kind of coexistence will also be presented at this document, at part V. When both systems operate at the same location (ie. in the same laptop) a simple mechanism to allocate 50% of the time to each system is used.
III. OBJECTIVES OF THE COEXISTENCE SOLUTION
In general, there are two different objectives that should be accomplished with the final solution. The first one is optimize the aggregated performance of the systems that are coexisting in the same network. The second one is that 0-7803-8844-5/05/$20.00 c the final solution is vendor independent so any one can implement the coexistence solution in their technology.
The coexistence mechanism must be PHY independent, and with as few restrictions as possible in the technology that is used to communicate data through the power lines. It must allow QoS and maximize the resources available. But it must be clear that when a coexistence mechanism is used, the resources are shared between the different networks, so when there are two networks coexisting, one can expect that each one takes 50% of the resources, and thus has 50% of the performance available when there is no coexistence. One of the objectives must be to minimize the number of cases where it is required to use the coexistence mechanism. For example, when the interference level from another network is low, it may be better to ignore it and treat it just like any other noise present on the network.
IV. COEXISTENCE SCENARIOS Before presenting the proposals for coexistence, it is necessary to introduce some general nomenclature that will be used all over this document.
AS term refers to the Access PLC system operated by a power utility or another authorized organization. It will provide the 'last mile' that goes from the transformer substation to the user's home.
AS can be divided in an Indoor and an Outdoor section. These sections are both bridged by a HG (Home Gateway), which can act as a repeater or a master for the user's CPEs (Customer Premise Equipment).
The Outdoor section includes the HEU (Head End Unit), the output port of any connected HGs and any NR (Network Repeater) used, in general, to increase range. The position of the HG may vary depending on the type of house: they are usually set at the house meter or electricity distribution, but may be installed on different floors in larger buildings.
The Indoor section includes the CPEs and the indoor port of the HG.
The AS definition is not to the 'outdoor' part of the network, because this definition has two main problems. The first is that in apartment blocks may HGs may be situated inside the building and on different floors; and the second is that usually the AS vendors provide 'last mile' complete solutions from the transformer to the customer premises, which can require a HG.
The IS definition includes any PLC network that is operated privately indoor without any outdoor component. This IS can be connected to another network via ADSL or similar, but this is not part of the IS per se. A general scenario that present this nomenclature is presented at figure 1.
There are several possible scenarios, such as multistory buildings, multi-family residences and neighboring single family homes.
At any of these scenarios, the following assumptions are made:
• AS and IS work at maximum power spectral density of -50 dBm/Hz. • Indoor AS uses frequencies above 10 MHz.
• Mutual interference (AS and IS) is not perceptible with path attenuations greater than 90 dB.
• An acceptable bandwidth and service is affordable with a minimum signal-to-interference ratio (SIR) of 10dB. The most representative coexistence necessity is the scenario with an apartment with IS and other apartment with AS. At this scenario, several conclusions can be taken:
• High mutual interference is expected at the AS-HG.
• AS-HEU and AS-CPE has low interference.
• AS is only interfered by one direction of an IS: UL from indoor section and DL from outdoor section.
• At IS, any number of nodes can be interfered or no interfered at all, depending on the relative position of those nodes.
• Usually IS suffers less interference than AS due to the in-home electricity network. Finally, the solution for coexistence should develop the following characteristics:
• Be fair for AS and IS.
• Be easy to implement and low cost.
• Consider 'last mile' scenarios, for AS and IS systems From the AS point of view, the coexistence solution must allow the best possible performance (in terms of throughput and QoS) because users will be charged by these elements.
From the IS point of view, the coexistence solution must be low-cost while maintaining acceptable levels of performance, in order to let this technology compete with other alternative solutions for in-home networks currently available.
V.
COEXISTENCE PROPOSAL I: LET THEM OPERATE INDEPENDENTLY When there is enough attenuation between the different systems, the best approach is to operate them independently. Since the power line is a high noise environment, there are already some mechanisms that are inherently implemented in a PLC system and that are useful in this case. For example, the interference from the other system may reduce the payload or some packets may be lost and recovered by the ARQ mechanism. Using this approach, the aggregated throughput will be higher compared to using a coexistence mechanism that divides the resources and has an associated overhead.
This coexistence proposal is adequate in several scenarios, such as in typical coexistence between DS2 and HomePlug 1.0 devices.
Although both HomePlug 1.0 devices and DS2 based devices use OFDM modulation, both types of devices are not interoperable. DS2 based devices use +1000 sub-carriers in order to achieve maximum performance on the power line channel, while HomePlug 1.0 devices have less than 100 carriers.
The problem arises in the following scenario: what happens if a person has an Access service provided with DS2 units and connects his home, at the same time that one neighbor is using a pair of HomePlug units in his home. As both technologies are not interoperable, they perceive each other's signal as noise in the line, which could severely degrade performance.
This could be a problem if the cables of both homes are "electrically" close (i.e.: if the attenuation is low). How can the probability of this problem happening be evaluated? On December 2003, ETSI published a report [3] with statistical information about Transverse Transfer Loss (i.e.: attenuation) between several hundreds of outlet pairs in houses in Europe, including pairs of outlets in the same or in different, devices. In the majority of the cases (80%), the attenuation between flats/houses is very high (50dB or more), so the best approach is to let them operate independently.
In order to measure the influence of a Homeplug 1.0 several tests where done. The main conclusion from these tests is that, in the reference environment under evaluation (one house with DS2 units and a neighbouring house with HomePlug 1.0 units), the performance of the DS2 network is only slightly decreased. Only for high interference signal levels, corresponding to attenuations of 20 and 30 dB, the performance of the DS2 nodes is degraded by more than 50%. The performance of the DS2 nodes is only affected in one direction (when the receiver is closer to the Homeplug 1.0 interferers). In the case where the attenuation between houses is above 40 dB (more than 95% of cases, according to ETSI statistical study), there is a small loss of performance although throughput is still very high, appropriate for video distribution applications.
In a real environment, considering the current penetration of HP 1.0 devices, the attenuation between different flats/houses and the robustness of OFDM technology, the probability that DS2-based PLC devices could suffer a significant reduced performance due to neighbouring HP 1.0 devices looks negligible. the higher 20 MHz. These are the bands that each system can use more efficiently. The reasons given for allocating the higher band to the IS and the lower band to the AS are:
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• The distances between AS nodes are usually much larger than the distances between IS nodes and attenuation increases with increasing carrier frequency.
• Indoor noise levels are usually higher than outdoor noise levels because of the proximity to noise generating appliances inside homes. Noise levels also tend to be higher at lower frequencies. With respect to above findings, it is natural to assign the lower frequency band to the outdoor part of the AS and the higher frequency band to any IS.
Nevertheless, AS and IS manufactures feel that this approach is unfair for the following reasons:
• The AS normally includes an indoor component as well, which could benefit from the higher frequencies.
• The availability of both a lower and a higher frequency band increases the amount of frequency diversity and may significantly increase indoor link reliability.
VII. COEXISTENCE PROPOSAL III: DYNAMIC COEXISTENCE PROPOSAL The mechanism proposed here is for the coexistence between the outdoor part of the Access System (Outdoor AS) and one or more Indoor Systems (IDS). An IDS can be either an Inhome System (IS) or the indoor part of the Access System (Indoor AS). See Figure 4 for a graphical representation. The mechanism essentially consists of a dynamic frequency-sharing and time-sharing technique by which the Outdoor AS and any IDS that is present share the transmission band. Normally the Outdoor will only use the lower frequency band and the Indoor the higher frequency band. But, what happens when there is an Outdoor AS but no IDS or an IDS but no Outdoor AS in the neighborhood? The unused frequency bands should not be wasted. When no interfering system is detected, the system that is present should use the whole 1 to 30 MHz frequency band.
The proposed coexistence mechanism is based on a very simple protocol. It basically consists of detecting the presence of an Outdoor AS (or IDS) by means of 'coexistence signals' and to indicate the presence of an IDS (or Outdoor AS) using the same signals.
The physical layer proposed herein is based on the detection, not the demodulation, of a specific known wideband signal. It is a distributed mechanism that is implemented in the same manner in all nodes. It is foreseen that each node implementing this protocol will include the circuitry needed for the transmission and reception of these simple signals in addition to its own PHY. The cost of this additional circuitry is low, compared with the cost of the node, given the simple detector needed.
It is assumed that there will be only one Outdoor AS installed in the LVDN(Low Voltage Distribution Network) but there may be several IDS. Therefore, the proposal addresses two basic coexistence scenarios:
• Coexistence between an IDS and an Outdoor AS.
The coexistence is achieved through FDM (Frequency Division Multiplex)
• Coexistence between multiple IDS (for example, between an IS and an Indoor AS). The coexistence is achieved through TDM (Time Division Multiplex). There can be hybrid scenarios where both methods of coexistence are in place, for example if there is one Outdoor AS and two IDSs in place.
The following figures show in a graphical way how the proposed simple protocol works in the various scenarios. This method is proposed because of its inherent adaptability in the presence of frequency selective channels, its resilience to jammer signals, its robustness to impulsive noise, its capacity for achieving high spectral efficiencies and its low implementation complexity.
The reliability of the method is very high and basically dependent on the characteristics of the wideband signal. The coexistence signals use the same frequency band as the data signals. They need to support variable bandwidth (10,20 and 30MHz) and programmable notches (position, width, depth). Performance in terms of SNR must be the same as the performance of the systems that coexist (signal detection with SNR=0 dB or even less in the majority of channels). The mean time between false detections (i.e. detecting a signal when there is only noise) must be very high. Detection should be reliable under severe multipath conditions.
The coexistence signals are composed of OFDM symbols that may be generated with a complex 256-point IFFT as shown in the next equation : VIII. CONCLUSIONS At this paper the necessity of a coexistence mechanism for power line communications is broached. The coexistence mechanism must be PHY independent and maximize the resources available in terms of aggregated throughput. Three different coexistence mechanisms are presented: consider other sources as noise, a fixed resource allocation solution and a dynamic coexistence solution. The three are ordered by complexity: the first one is the simplest and the final one the most complex. In multiple cases, the first one is enough for the systems to coexist properly, as shown in the scenarios and measurements with HomePlug and DS2 systems.
